Water-Year Definition
Water year is defined as the 12-month period from October 1 through 
Introduction
Reliable sources of water are important for continued infrastructure and economic development in Afghanistan. Water is needed to develop agricultural, manufacturing, and mining industries, and also to supply populations that benefit from economic development; however, conflicts in Afghanistan that began about 1980 have hindered the development of water supplies, collection of water-resource data, and assessments of other natural resources in the country (Mack and Chornack, 2011) . Beginning in 2004, the U.S. Geological Survey (USGS), in cooperation with the Afghanistan Geological Survey (AGS) and the Afghanistan Ministry of Energy and Water (MEW), completed assessments of Afghanistan mineral and water resources. Since 2009, the USGS, in cooperation with AGS and the U.S. Department of Defense Task Force for Business and Stability Operations (TFBSO), identified areas of interest in Afghanistan that have the potential to produce minerals in economically viable quantities for industrial development, calculated streamflow statistics and investigated water-resource potentials for mineral areas of interest, and reestablished streamgaging stations across the country (Peters and others, 2011; Olson and Mack, 2011) .
Historical streamflow data that could be used by Afghanistan authorities to investigate surface-water resources for economic development generally are available from about 1951-1980. Some historical streamflow data have been collected as a result of streamgaging-station reestablishment, but no data exist from about 1980-2008. Techniques have been developed to estimate streamflow statistics for many streams in Afghanistan by using basin characteristics (Olson and Mack, 2011) . Monthly streamflows for periods with no data can be estimated by using a stochastic monthly water-balance model similar to a model that was used to estimate monthly streamflows for the upper Helmand River in Afghanistan (Vining and Vecchia, 2007) . The USGS, in cooperation with the TFBSO, used the stochastic monthly water-balance model to estimate monthly streamflows for selected streamgaging stations located along the Kabul and Logar Rivers within the Aynak copper, cobalt, and chromium area of interest in Afghanistan. Existing climate data were used in the stochastic model to estimate monthly streamflows and fill data gaps in monthly streamflows for 1951-2010. The purpose of this report is to present results from the modeling effort.
Aynak Copper, Cobalt, and Chromium Area of Interest
The Aynak copper, cobalt, and chromium area of interest has an area of about 3,440 square kilometers and is located south of Kabul in eastern Afghanistan ( fig. 1 ). The area of interest derives its name from the Aynak copper-cobalt deposit and several chromium deposits, but the area also contains other minerals of interest (Taylor and others, 2011) . The area has a semiarid climate with average annual precipitation about 315 millimeters that falls mostly November through May (Favre and Kamal, 2004) . Grazing, farming, and deforestation have eliminated much of the original natural vegetation, which has resulted in the degradation and erosion of the land surface (Mack and Chornack, 2011) .
The Kabul and Logar Rivers may become important surface-water resources for potential mining activities in the Aynak copper, cobalt, and chromium area of interest, but they currently (2014) are important surface-water supplies for agricultural and domestic needs in the Kabul area ( (Favre and Kamal, 2004) . Mean monthly streamflows for water years 1962-1980 for the streamgaging stations Kabul River at Maidan, Kabul River at Tangi-Saidan, Logar River at Shekhabad, and Logar River at Sangi-Naweshta indicate that streamflows were high during winter precipitation and spring snowmelt, with the highest streamflow at all stations occurring in April (table 1) . No data were recorded at the stations from 1980 until 2008 when the streamgaging stations Kabul River at Tangi-Saidan and Logar River at Sangi-Naweshta were reestablished.
Monthly mean streamflows for the Kabul River decreased from the upstream streamgaging station Kabul River at Maidan to the downstream streamgaging station Kabul River at Tangi-Saidan during most months indicating that inflows from overland runoff, tributaries, and groundwater were smaller than losses from withdrawals, evapotranspiration, and seepage ( fig. 2 ). For the Logar River, monthly mean streamflows decreased from the upstream streamgaging station Logar River at Shekhabad to the downstream streamgaging stations Logar River at Sangi-Naweshta during the late spring to early autumn months when losses were greater than inflows, but mean streamflows increased from the upstream to downstream streamgaging stations during winter and early spring months when inflows were greater than losses ( fig. 3 ). The average increase in streamflow from the upstream to downstream Logar River streamgaging stations for November through March was about 7 cubic meters per second.
Irrigation is important for crop production in Afghanistan; approximately 32 square kilometers of the Kabul River Basin between the streamgaging stations at Maidan and TangiSaidan, and approximately 340 square kilometers of the Logar River Basin between the streamgaging stations at Shekhabad and Sangi-Naweshta may be irrigated (Favre and Kamal, 2004) . From table 1, the decreases in historical mean monthly streamflows during April through October for the Kabul River between the streamgaging stations at Maidan and TangiSaidan and for the Logar River between the streamgaging stations at Shekhabad and Sangi-Naweshta were about 28 million cubic meters and 40 million cubic meters, respectively. For the Logar River, if the average increase in streamflow during November through March between the upstream and downstream streamgaging stations (7 cubic meters per second) continued during the remainder of the year (April through October), then an additional inflow of about 129 million cubic meters during April through October was also withdrawn or lost from the Logar River between the two streamgaging stations ( fig. 3) . If the downstream decreases in mean monthly streamflows for the Kabul and Logar Rivers during April through October were caused by irrigation only, then about 0.9 meter of water depth and about 0.5 meter of water depth could have been applied to the irrigated areas of the Kabul River Basin and Logar River Basin, respectively.
Stochastic Monthly Water-Balance Model
The stochastic monthly water-balance model used physically based, nondeterministic methods to estimate the monthly volumetric water-balance components of a watershed (Vining and Vecchia, 2007) . Each watershed model used monthly values of total precipitation and mean temperature to estimate volumes of rain and snow, snowmelt, and evapotranspiration for each watershed. These estimated water volumes were then partitioned into infiltration, storage volumes, and watershed runoff by using equations with parameters estimated during a multiyear initialization period. Information on volumes of water for industrial and municipal use, diversions for irrigation, and possible irrigation returns to streams were unavailable for use in the model.
Input climate data for the water-balance model consisted of gridded (0.5 degree latitude by 0.5 degree longitude) monthly climate data for 1951 -2002 (Climate Research Unit, 2012 and Afghanistan agrometeorological station data for April 2008 through September 2010 (U.S. Geological Survey Projects in Afghanistan, 2013). Missing climate data for January 2003 through March 2008 were re-created by using gridded monthly climate data for January 1951 through March 1956, which was assumed to be similar to the missing period. Model monthly precipitation and temperature input for each watershed was averaged from the associated gridded and agrometeorological data. Model monthly precipitation input incorporated total rainfall along with snow accumulation and snowmelt, which were derived from equations dependent on the monthly temperature input. The analysis procedure for a monthly water-balance occurred in a series of steps to determine monthly watershed inflows and outflows (Vining and Vecchia, 2007) . The first step was to compute the available watershed water volume during each month that was analyzed (current month) as the storage in the watershed from the previous month plus the total precipitation and snowmelt input to the watershed during the current month. Next, current monthly evapotranspiration was calculated from available watershed water volume during the current month as a fraction of potential evapotranspiration (Hamon, 1961) , where the fraction depends on the ratio of available watershed water volume to watershed storage capacity. Then, monthly infiltration was calculated from the monthly precipitation and snowmelt input and monthly evapotranspiration by using parameters (values greater than zero) estimated during the initialization period; monthly watershed direct runoff was calculated from monthly precipitation, infiltration, and evaporation. For the fourth step, total runoff for the current month (monthly streamflow) was computed as the sum of monthly watershed direct runoff and monthly watershedstorage runoff, which was controlled by a parameter (value from zero to one) determined during the initialization period. Last, the volume of watershed storage at the end of the current month consisted of the remaining storage.
The stochastic monthly water-balance model was used to estimate monthly streamflows, in million cubic meters, for 1951-2010 at the upstream streamgaging stations Kabul River at Maidan and Logar River at Shekhabad ( fig. 1) 
Estimated Monthly Streamflows
A comparison of estimated and recorded monthly streamflows for the streamgaging stations Kabul River at Maidan and Kabul River at Tangi-Saidan indicated that the stochastic water-balance model was able to provide satisfactory estimates of monthly streamflow for high-flow months and low-flow months even though withdrawals for irrigation likely occurred (figs. 4 and 5). Coefficients of determination (R 2 ) (Helsel and Hirsch, 2002) relating estimated to recorded monthly streamflows for October 1961 through September 1980 were 0.74 and 0.62 for the streamgaging stations Kabul River at Maidan and Kabul River at Tangi-Saidan, respectively. The model also was able to produce reasonable estimates of the monthly streamflow for the streamgaging station Kabul River at TangiSaidan during April 2008 through February 2010 after the reinstallation of the streamgaging station in 2008; data were missing during July through November 2008. These results indicate that the model should be able to produce satisfactory estimates of missing monthly streamflow for many locations along the Kabul River. 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 Change in monthly mean streamflow, in cubic meters per second Year Figure 2 . Changes in monthly mean streamflows from the upstream streamgaging station Kabul River at Maidan to the downstream streamgaging station Kabul River at Tangi-Saidan, Afghanistan.
A comparison of estimated and recorded monthly streamflows for the streamgaging stations Logar River at Shekhabad and Logar River at Sangi-Naweshta also indicated that the stochastic water-balance model was able to provide reasonable estimates of monthly streamflows for the high-flow months; however, for the upstream streamgaging station Logar River at Shekhabad, the model overestimated monthly streamflows during periods when summer irrigation withdrawals likely occurred (figs. 6 and 7). The R 2 values relating estimated to recorded monthly streamflows for October 1961 through September 1980 were 0.45 and 0.51 for the streamgaging stations Logar River at Shekhabad and Logar River at SangiNaweshta, respectively. The possibility also exists that greater infiltration from the riverbed occurred during low-flow months than were accounted for by the model. The reach along the Logar River between the streamgaging stations Logar River at Shekhabad and Logar River at Sangi-Naweshta may have complex stream and aquifer interactions than cannot be accounted for with this model. If the information was available, data on water use, diversions, and infiltration losses could be beneficial for model performance. The model was able to estimate monthly streamflows for the streamgaging station Logar River at Sangi-Naweshta during April 2008 through January 2010 after reinstallation of the streamgaging station in 2008 (fig. 7) . Monthly streamflow data from the streamgaging station Logar River at Sangi-Naweshta were missing during June through October 2008 and July through October 2009.
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Summary
Since 2009, the U.S. Geological Survey, in cooperation with Afghanistan Geological Survey and the U.S. Department of Defense Task Force for Business and Stability Operations (TFBSO), identified areas of interest in Afghanistan that have the potential to produce minerals in economically viable quantities for industrial development, calculated streamflow statistics and investigated water-resource potentials for mineral areas of interest, and reestablished streamgaging stations across the country. The USGS, in cooperation with the TFBSO, used the stochastic monthly water-balance model to estimate monthly streamflows for selected streamgaging stations located within the Aynak copper, cobalt, and chromium area of interest in Afghanistan. Existing climate data were used in the stochastic model to estimate monthly streamflows and fill data gaps in monthly streamflows for 1951-2010. The purpose of this report is to present results from the modeling effort.
The Kabul and Logar Rivers may become important surface-water resources for potential mining activities, but they currently (2014) are important surface-water supplies for agricultural and domestic needs in the Kabul area. Mean monthly streamflows for water years 1962-1980 for the streamgaging stations Kabul River at Maidan, Kabul River at Tangi-Saidan, Logar River at Shekhabad, and Logar River at Sangi-Naweshta indicate that streamflows were high during winter precipitation and spring snowmelt, with the highest streamflow at all stations occurring in April. No data were recorded at the stations from 1980 until 2008 when the streamgaging stations Kabul River at Tangi-Saidan and Logar River at Sangi-Naweshta were reestablished.
The stochastic monthly water-balance model used physically based, nondeterministic methods to estimate the monthly volumetric water-balance components of a watershed. Each watershed model used monthly values of total precipitation and mean temperature to estimate volumes of rain and snow, snowmelt, and evapotranspiration for each watershed. These estimated water volumes were then partitioned into watershed runoff, infiltration, and storage volumes. The stochastic monthly water-balance model was used to estimate monthly streamflows for 1951-2010 at the upstream streamgaging stations Kabul River at Maidan and Logar River at Shekhabad. Monthly streamflows for 1951-2010 at the downstream streamgaging stations Kabul River at Tangi-Saidan and Logar River at Sangi-Naweshta were estimated by adding the historical (water years 1962-1980) difference in mean monthly streamflows between the downstream and upstream streamgaging stations for each corresponding month to the estimated monthly streamflows for the stations Kabul River at Maidan and Logar River at Shekhabad, respectively.
A comparison of estimated and recorded monthly streamflow for the streamgaging stations Kabul River at Maidan and Kabul River at Tangi-Saidan indicated that the stochastic water-balance model was able to provide satisfactory estimates of monthly streamflow for high-flow months and low-flow months even though withdrawals for irrigation likely occurred. The model also was able to produce reasonable estimates of the monthly streamflow for the streamgaging station Kabul River at Tangi-Saidan during April 2008 through February 2010 after the reinstallation of the streamgaging station in 2008.
A comparison of estimated and recorded monthly streamflow for the streamgaging stations Logar River at Shekhabad and Logar River at Sangi-Naweshta also indicated that the stochastic water-balance model was able to provide reasonable estimates of monthly streamflow for the high-flow months; however, for the upstream streamgaging station Logar River at Shekhabad, the model overestimated monthly streamflows during periods when summer irrigation withdrawals likely occurred. The model was able to estimate monthly streamflow for the streamgaging station Logar River at Sangi-Naweshta during April 2008 through January 2010 after reinstallation of the streamgaging station in 2008.
Results from the stochastic water-balance model indicate that the model should be able to produce satisfactory estimates of monthly streamflows for locations along the Kabul and Logar Rivers. This information could be used by Afghanistan authorities to make decisions about surface-water resources for the Aynak copper, cobalt, and chromium area of interest.
